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To study how Listeria monocytogenes survives and grows in ultrahigh-temperature-processed (UHT) skim
milk, microarray technology was used to monitor the gene expression profiles of strain F2365 in UHT skim
milk. Total RNA was isolated from strain F2365 in UHT skim milk after 24 h of growth at 4°C, labeled with
fluorescent dyes, and hybridized to “custom-made” commercial oligonucleotide (35-mers) microarray
chips containing the whole genome of L. monocytogenes strain F2365. Compared to L. monocytogenes grown
in brain heart infusion (BHI) broth for 24 h at 4°C, 26 genes were upregulated (more-than-twofold
increase) in UHT skim milk, whereas 14 genes were downregulated (less-than-twofold decrease). The
upregulated genes included genes encoding transport and binding proteins, transcriptional regulators,
proteins in amino acid biosynthesis and energy metabolism, protein synthesis, cell division, and hypo-
thetical proteins. The downregulated genes included genes that encode transport and binding proteins,
protein synthesis, cellular processes, cell envelope, energy metabolism, a transcriptional regulator, and an
unknown protein. The gene expression changes determined by microarray assays were confirmed by
real-time reverse transcriptase PCR analyses. Furthermore, cells grown in UHT skim milk displayed the
same sensitivity to hydrogen peroxide as cells grown in BHI, demonstrating that the elevated levels of
expression of genes encoding manganese transporter complexes in UHT skim milk did not result in
changes in the oxidative stress sensitivity. To our knowledge, this report represents a novel study of global
transcriptional gene expression profiling of L. monocytogenes in a liquid food.

Listeria monocytogenes, a gram-positive bacterium, is of ma-
jor concern to the food industry. This bacterium is pathogenic
to both humans and animals, particularly susceptible individ-
uals such as pregnant women, newborns, people over 65 years
old, and immunocompromised patients. L. monocytogenes is
widely distributed in the environment, including soil and food.
Well-documented outbreaks of listeriosis have been associated
with the consumption of contaminated food products including
milk, soft cheese, and ready-to-eat meats (10). Because L.
monocytogenes can survive in foods under harsh conditions,
including high acidity and low temperature, it is very difficult to
eliminate this pathogen from foods and/or food processing
plants. The psychrotrophic nature of L. monocytogenes allows
it to grow at refrigeration temperatures (9, 35); therefore,
refrigerated storage is no guarantee of protection against the
growth of L. monocytogenes in foods. Thus, special precaution
should be taken to prevent the contamination of refrigerated/
ready-to-eat foods by this microorganism.

The ability of L. monocytogenes to contaminate milk and
milk products presents a major concern to food safety and
public health (18). The consumption of certain types of cheese,
such as Mexican-style cheese made from raw milk, has been
linked to both sporadic cases and outbreaks of listeriosis (6, 20,

23). Physiological studies revealed that L. monocytogenes was able
to survive and grow at 4°C in milk (25, 33, 35). However, the
molecular mechanism of its growth remains unclear. Therefore,
there is a great need for an understanding of how L. monocyto-
genes grows in milk to subsequently eliminate this pathogen.

The availability of whole-genome sequence information for
several food-borne pathogens, including L. monocytogenes, has
paved the way for a global analysis of microbial adaptation to
various environments (1). For example, both genomic and pro-
teomic approaches were used to study the behavior of lactic
bacteria in milk (12, 39). Genes of Escherichia coli O157:H7
that are involved in high-pressure resistance have also been
identified using the tools of genomics (24). Recently, microar-
rays were used to study the responses of L. monocytogenes and
Bacillus subtilis to cold stress, and a number of genes that are
differentially expressed at low temperatures were identified (5,
7). However, genomic studies of food-borne pathogens in a
real food matrix are generally lacking.

The primary goal of this paper was to investigate the gene
expression profile(s) of L. monocytogenes strain F2365 during
incubation in refrigerated ultrahigh-temperature-processed
(UHT) skim milk using whole-genome microarray technology.
Our objective was to identify genes whose expression patterns
were altered in UHT skim milk. Such studies can provide
baseline data that are useful for an understanding of the ad-
aptations of this pathogen in foods that pose special risks, such
as milk and dairy products.

MATERIALS AND METHODS

Bacterial strains and culture conditions in skim milk. L. monocytogenes strain
F2365 was used since its genome is fully sequenced and annotated (28) and since
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it was isolated from Mexican-style soft cheese that was implicated in an outbreak
of listeriosis in California in 1985 (20). Strain F2365 was streaked onto a brain
heart infusion (BHI) (catalog no. 53286; Sigma-Aldrich, St. Louis, MO) agar
plate from a glycerol stock culture (stored at �80°C) followed by incubation at
37°C overnight. A single colony was picked from the plate, inoculated into 5 ml
of BHI broth, and grown at 37°C with agitation at 250 rpm overnight. A 5-ml
aliquot of this culture grown overnight was used to inoculate 95 ml of BHI broth.
After growth to mid-log phase (optical density at 600 nm of 0.4 to 0.6), 10 ml of
the suspension was placed into Spectra/Por Biotech polyvinylidene difluoride
dialysis tubing (Spectrum Laboratories Inc., Rancho Dominguez, CA) with a
molecular mass cutoff of 1,000 kDa. The relatively high molecular mass cutoff
(1,000 kDa) of the dialysis tubing keeps the bacteria inside the tube while
allowing the milk components such as proteins and sugars to pass through. The
dialysis tubings were placed into either 1 liter of BHI broth or 1 liter of UHT
skim milk (Parmalat grade A UHT fat-free milk; Farmland Dairies, Willington,
NJ), with gentle agitation. After incubation at 4°C for 24 h, bacterial cells were
collected for RNA isolation. Two independent growth experiments in UHT skim
milk and BHI broth were performed to ensure reproducibility. Bacterial cells
were plated before and after the treatments to obtain the CFU/ml. L. monocy-
togenes in UHT skim milk grew after 24 h at 4°C from 1.3 � 107 CFU/ml to 2.2
� 107 CFU/ml. UHT skim milk was chosen to eliminate the potential interfer-
ence of milk fat in bacterial RNA isolation. One hundred microliters of milk was
plated onto BHI agar plates, and there was no growth at 37°C after 2 days,
indicating that no other microorganisms were present in UHT skim milk.

RNA isolation, microarray chip design, hybridization, and data analysis.
Total RNA was isolated using a RiboPure-Bacteria kit (catalog number 1925;
Ambion, Austin, TX) according to the manufacturer’s instructions, with the
following modification: RNA samples were incubated for 2.5 h at 37°C for DNase
I treatment. The concentration and purity of RNA were evaluated using an
Agilent (Wilmington, DE) 2100 bioanalyzer, and absorbance readings at 260 nm
and 280 nm were performed using the Nanodrop (Wilmington, DE) ND100
UV-Vis spectrophotometer.

A whole-genome microarray was constructed to include 35-mer oligonucleo-
tides representing the 2,847 open reading frames identified based on the anno-
tated genome for L. monocytogenes strain F2365 (GenBank accession number
AE017262) (28). For each open reading frame, two unique probes were selected
to be specific as judged by pairwise BLASTN (3). The probes were designed to
have similar annealing stabilities, that being a melting temperature of 72°C, as
judged by a nearest-neighbor thermodynamic model (2). Probes that had signif-
icant secondary structure (melting temperature of �45°C), significant repeat
structure, and/or %GC content outside of the range of 35% to 65% were
rejected. Each probe was custom synthesized in duplicate by Combimatrix
(Mukilteo, WA).

To save on the cost of microarray chips, the balanced block design (8) with
dual-labeled microarrays was used in this study. Dye swap experiments were
performed to eliminate the dye bias caused by Alexa 555 and Alexa 647. Two
biological (two independent RNA sources) and two technical (same RNA sam-
ples divided into two aliquots) replicates were included to ensure accurate
measurements. Ten micrograms of total RNA was reverse transcribed into
cDNA and labeled with Alexa Fluor dyes (either Alexa Fluor 555 or Alexa Fluor
647) using Superscript Reverse Transcriptase III (Invitrogen Inc., Carlsbad, CA).
The fluorescence incorporation into the cDNA was measured using the Nano-
drop spectrophotometer. Equal amounts (50 to 100 pmol) of Alexa Fluor 555-
and 647-labeled probes were mixed and used for microarray hybridization. All
samples were hybridized twice with one experiment (chip 1) using Alexa Fluor
555 to label the cDNA from milk and Alexa Fluor 647 to label the cDNA from
BHI medium, and in the reciprocal experiment (chip 2), Alexa Fluor 647 was
used to label the cDNA from milk and Alexa Fluor 555 was used to label the
cDNA from BHI medium. The expression ratio of a particular gene was calcu-
lated as follows: [chip 1 (Alexa Fluor 555/647) � chip 2 (Alexa Fluor 647/555)]/2.
Each experiment was performed in duplicate. Microarray hybridization and
washing were performed according to the CustomArray 12K microarray proto-
cols provided by Combimatrix. The microarray slide was scanned at 5-�m reso-
lutions by the scanArray ExpressHT microarray scanner (Packard Bioscience,
Biochip Technologies, Billerica, MA). The intensity of the signal was quantified
by Microarray Imager software provided by Combimatrix. The microarray raw
data can be found elsewhere (see the supplemental material).

Microarray data were analyzed using the software package BRB-ArrayTools
(version 3.4), developed by the Biometric Research Branch of the U.S. National
Cancer Institute (http://linus.nci.nih.gov/BRB-ArrayTools.html) according to the
instructions provided and by using statistical analysis (SAS) (36). For BRB-
ArrayTools analysis, the lowest 5% of the signals were used as background. The
Lowess method was used for data normalization. A minimum threshold of a

twofold change in gene expression and a P value of �0.01 were used as the cutoff
values. For SAS analysis, the data from the two independent experiments were
transformed by taking the logarithm (base 2) of the intensity. For each experi-
ment, the data were tested for departures from normality. The values were then
analyzed using a two-stage analysis of variance approach (41) that incorporates
a “normalization” model and a “gene” model. Fitting of the models was per-
formed using the mixed procedure of the SAS software system. The genes that
exceeded a P value cutoff of �0.05 (experiment-wise error rate using the Bon-
ferroni method to account for multiple comparisons) were selected as possible
sites of up- or downregulated genes.

Hydrogen peroxide sensitivity assays (disk diffusion assays). L. monocytogenes
strain F2365 was tested for its sensitivity to hydrogen peroxide as described
previously (42), with the following modifications: a 5-ml stationary-phase culture
of strain F2365 grown overnight was diluted into 75 ml of BHI medium and
grown at 37°C until the optical density at 600 nm reached approximately 0.4.
Next, 10 ml of the freshly grown culture was placed into Spectra/Por Biotech
polyvinylidene difluoride dialysis tubings (molecular mass cutoff of 1,000 kDa;
Spectrum Laboratories Inc., Rancho Dominguez, CA) that were then separately
placed into 1 liter each BHI and UHT skim milk (Parmalat). The BHI- and UHT
skim milk-containing dialysis tubings were placed onto a Stovall (Greensboro,
NC) Belly Dancer shaker at speed setting 2 and placed at 4°C for 18 h. The
dialysates were harvested and diluted 1:50 in BHI broth, and 150 �l was spread
onto BHI agar plates to generate a lawn of cells. A 5-�l portion of sterile water
containing 125 �g, 250 �g, 500 �g, 750 �g, or 1,000 �g hydrogen peroxide
(Fisher Scientific, Fairlawn, NJ) was added to 6-mm filter disks and placed onto
the surface of the BHI and UHT skim milk dialysate spread plates. After
overnight incubation at 37°C, the diameters of the zones of inhibition were
measured in millimeters. All experiments were performed in duplicate with two
replicates each time.

Primer design, cDNA synthesis, and real-time PCR analysis. Primers were
designed using Primer3 (v.0.4.0) software (http://frodo.wi.mit.edu/) and se-
lected based on the gene sequence of upregulated and downregulated genes
from the microarray data. The specificity of the primer sequences was further
determined using the NCBI BLASTN program against the nonredundant
database, and analyses revealed that the primer sequences showed 100%
homology only to L. monocytogenes strain F2365 (GenBank accession number
AE017262). Primers were synthesized and purchased from IDT (www.idtdna
.com). Primers from the 16S rRNA, gyrase B, and spoG housekeeping genes
were tested as internal controls. Of these three housekeeping genes, spoG
displayed the most consistent threshold cycle (CT) values and was chosen as
the internal control gene for quantification. The same RNA samples that
were used for microarray experiments were used for real-time PCR assays.
The synthesis of cDNA was performed using SuperScript III First-Strand
Synthesis SuperMix (Invitrogen, Carlsbad, CA) according to the manufactur-
er’s instructions. Two hundred fifty nanograms of DNase I-treated RNA was
used for each cDNA synthesis reaction. Reactions without reverse transcrip-
tase were used as negative controls. cDNA synthesis was performed using an
Applied Biosystems GeneAmpPCR System 9600 apparatus.

The PCR was performed in a 96-well plate using a Bio-Rad (Hercules, CA)
iQ5 real-time PCR system in a 25-�l total volume and contained 2.5 �l of 10�
PCR buffer (without MgCl2), 1.5 �l 50 mM MgCl2, 0.5 �l 10 mM de-
oxynucleoside triphosphate mix, 0.75 �l recombinant Taq DNA polymerase
(Invitrogen, Carlsbad, CA), 0.3 �l 20� EvaGreen (Biotium, Hayward, CA),
1.25 �l of each primer at 10 �M, 0.5 �l of cDNA, and nuclease-free water
(Ambion). Amplification involved an initial denaturation step at 95°C, fol-
lowed by 40 cycles of 95°C for 15 s, 59°C for 25 s, and 72°C for 30 s.
Fluorescence data were collected at the 59°C annealing step. The final step
was a melt curve of 81 cycles with a temperature range of 55°C to 95°C for 30 s
and with an increase set point temperature after cycle 2 by 0.5°C. Results
were visualized using the iQ5, v. 2.0, software package provided with the
thermocycler. All quantitative reverse transcriptase real-time PCR (qRT-
PCR) experiments were performed with three replicates in a 96-well plate. To
evaluate genomic DNA contamination in the cDNA samples, “no amplifica-
tion controls” (a minus-reverse transcriptase control) were included. In ad-
dition, three “no-template controls” containing all of the reverse transcrip-
tase PCR reagents except the RNA template were included in each reaction
plate. To determine relative gene expression, the CT value of the internal
control gene (spoG) was subtracted from the BHI and milk samples. The
�CCT, ��CT, and the 2�fx values were calculated as described previously
(32).

Microarray data accession number. The microarray data have been deposited
into the Gene Expression Omnibus database under accession number GPL6489
(www.ncbi.nlm.nih.gov/geo).
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RESULTS

To identify genes that are differentially expressed in UHT
skim milk, RNA isolated from L. monocytogenes strain F2365
cells incubated in UHT skim milk held at 4°C for 24 h was
labeled and subjected to microarray experiments. The total
RNA isolated from strain F2365 held under otherwise similar
conditions in BHI broth was used as a comparison. A minimum
threshold of a twofold change in gene expression with a P value

of �0.01 was used as the cutoff value. All of the genes identi-
fied by microarray analysis that were differentially expressed in
UHT skim milk were confirmed by qRT-PCR (see Tables 1
and 2 for primer sequences). Only genes that were up- and
downregulated by both microarray and qRT-PCR assays are
presented here.

Upregulated genes of L. monocytogenes strain F2365 in UHT
skim milk. The 26 upregulated genes grouped into the follow-

TABLE 1. Oligonucleotides used for real-time PCR to evaluate upregulated genes in L. monocytogenes strain F2365

Gene Forward primer sequence Reverse primer sequence Amplicon
size (bp)

lmo0153 GACAAAGCAAATGGTTCAGG AAATAGCGGTGCGTAAACAG 144
lmo0154 TGCGAAAGGTCTATCCAAAG AAAGCGCCTGTAATGACTTG 114
lmo0234 GCTACCAAGCGATTTTAGCAAT AGCTCTTCCGCTTTAGCAAT 136
lmo0243 TGAATATGGTGCGGTTCTTT CTGCCTCTAACGCATCAAAT 122
lmo0703 GGGGTAGTGAAAATGGGAAA TGCAACGTAACCCATGACTA 120
lmo0899 GTTTCGAGAAATGCGACAGT GTGGACCAAAATCTGTTTCG 148
lmo0914 ATTGCTGATTTCATCGGTGT CATCCGAATCAGCTTCAATC 109
lmo0963 AAGGCGACAACGTAACAAAC ATTCTAATGGCGCTTTTCCT 102
lmo0974 GAAGCAAGGTCCGTATGAGA AGGCACCAACACCAATTAGA 128
lmo0975 GAAAAACGTCGCAATTCAGT GAGATTTCAGTTCGCGTTGT 100
lmo0977 CAAGTGCTTGGAATTGGAAC AGCTTCACGAGTGGAATCTG 108
lmo1365 CCGATTCATCCACTTTATGC GGCCTCATGTTCTGCTTTTA 102
lmo1443 TACCAGCGACATTATGCTGA AGAAGCGATTCGTTTTTCCT 128
lmo1520 AGCTAGATGCAAGGATTTCG GGATCACAAACGAAGAAGGA 141
lmo1622 CGGCTTTGCTTTGTTTAGAA GGTGTAGCCAAAGGAACAAA 115
lmo1875 TTGTCTGGATCCGCTTTTAC AGGCAAGACGTCTGAAACAG 105
lmo1876 GACCATATGCTTCTGCCATC CGGATATGTGGATGACGATT 114
lmo1877 GTTCCGAGCAACACCATATC TGGCTGACAAACCACTTACA 112
lmo1996 TCCATTTTCCTTGTCATGCT AAAATAGGATAGCCGCAACA 103
lmo2063 TCACTCACCAAAGCTCTTCC TCATGCGCTTCAGTTAAACA 123
lmo2064 TCCAGTTAAGGCTTGTTTCG ACCTGTTATCGCTCAAATCG 109
lmo2190 TTAGCGTCGCCAGTTTTATC GGTGACGCAAAAGACAAGTT 110
lmo2541 TTGGCTTGGACGAGTAATTC CCGGGAATCGTGTTTAGATA 126
lmo2459 TGCGTTTTGAGTGAAGACAA GTCGATGGAACACTTGGAAC 105
lmo2460 CAACATCACGAATTTCACCA TCCGGTCGTGATTTATTTGT 130
lmo2484 ATCTCTTTCTGCCCCTTTGT TGCTACGTGCAGAAGAAACA 134

TABLE 2. Oligonucleotides used for real-time PCR to evaluate downregulated genes in L. monocytogenes strain F2365

Gene Forward primer sequence Reverse primer sequence Amplicon
size (bp)

lmo0037 TTTCCTCATCCCAAATACCA TTGCGGCGCTTATAAAGTAG 107
lmo0172 AGGGTTATGCCCGAAAATAC ATATTTTCCCGGTCCTTCTG 149
lmo0516 GTACGTCCAAAGCGAAGAAA GTGAGATGCGGTGTGACATA 111
lmo0633 CAACTACACCAGCGACAAAA ATTACTCCCGCGATTATCTG 103
lmo0886 TCTGGATTAGGGTGGATTGA CCATCGTTAGCGAGAAAAGA 142
lmo1264 TATTTTTCGCCTTTTGCATC TGCTTACATTCCTTGCTTCC 139
lmo1265 TGGAGTCAGACACAGCAGAA GCAGCCTCGTACGGTAATAA 114
lmo1352 CTGAATGCGGTGATCGTAA GTTACACGGCGTAATCTTGG 100
lmo1381 ACATTTCAGCGCTATCCAAG TTTGAACGTTAGCTGCTTGA 110
lmo1392 CATTAATACCCCGGTTAAAACA GAGTTTTCTTCCGCATGACT 101
lmo1808 TTCATTACCGCTTGGTTAGC CGTAAAAGGCGGAACAGTAA 114
lmo1814 AGTTTCGCACGACGTACTTT GCGAAACTTTCACTGTTCGT 124
lmo1824 GCACCATTATGCATCCATTT GGCCGTTCAATCGAAACTAT 101
lmo1844 AATCACGTTCCGGTAACAAA TTAGGTTTGCCGTTAACCAG 103
lmo1946 TTACGCTTCCAATCCAACAT TTTGGTTCTGCTGAGTTTCC 132
lmo2041 AACGCTTTGACCTTCGTCTA AGTGAAAAAGGCTTCGGTTT 111
lmo2078 TTGCTACATCTTTGCCATCA CAAAAGCCAAAAAGCGTAAG 141
lmo2182 TACCGGACTTATCGGTTTTG TAAGAACGTTTACGGCGTTT 102
lmo2209 GCACCTGTTATTGTGCCAGT ACCAGCGATAGTCGGAATAA 108
lmo2521 TGGATACTCGTTGCCATCTT CATCCTGAGTACCGTCCAGT 117
lmo2631 CCAAAGGCCTGTAGCAGTAA ACTGTGAGGCAAGGTGAAAG 129
lmo2846 TCTTCCTTTACGACGACGAC TCAACCAAGTAAACGTAAAAGAAA 103
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ing categories: genes encoding transport and binding, tran-
scriptional regulators, proteins in amino acid biosynthesis and
energy metabolism, protein synthesis, toxin production and
resistance, cell division, and hypothetical proteins (Table 3).

Of the six transporters whose transcript levels were up-
regulated, lmo1875 (ABC transporter; manganese-binding
protein), lmo1876 (manganese ABC transporter; permease
protein), and lmo1877 (manganese ABC transporter; ATP-

binding protein) showed a �10-fold induction in the mi-
croarray assay and a �70-fold induction by real-time PCR
assays (Table 3). These gene complexes are involved in
manganese transport (31). In addition, lmo1443 (transport-
er; NRAMP) that encodes another class of manganese
transporters was also upregulated by 4.4-fold on the mi-
croarray and by 49.1-fold via qRT-PCR. Manganese is in-
volved in a number of cellular functions such as virulence

TABLE 3. L. monocytogenes strain F2365 genes upregulated in skim milk at 4°C as identified by microarraya and real-time PCR analysis

Category and gene Functionb
Fold changec

Microarrayd qRT-PCRe

Gene encoding proteins involved in transcription
lmo0153 Oligopeptide ABC transporter; oligopeptide-binding

protein
4.9 163.1

lmo0154 Oligopeptide ABC transporter; permease protein 4.7 14.0
lmo1443 Transporter; NRAMP family 4.4 49.1
lmo1875 ABC transporter; manganese-binding protein 16.7 435.5
lmo1876 Manganese ABC transporter; permease protein 11.5 290.0
lmo1877 Manganese ABC transporter; ATP-binding protein 12.3 71.8

Gene encoding proteins involved in transcription
lmo0914 RNA polymerase �B factor 2.1 3.8

Gene encoding proteins involved in amino acid
biosynthesis

lmo0234 Cysteine synthase A 3.7 14.8

Gene encoding proteins involved in energy
metabolism

lmo1365 Glycine cleavage system T protein 3.7 10.5

Gene encoding proteins involved in central
intermediary metabolism

lmo0977 Glucosamine-6-phosphate isomerase 3.2 3.3

Gene encoding proteins involved in protein
synthesis

lmo2484 Ribosomal subunit interface protein 2.4 5.4

Gene encoding proteins involved in toxin
production and resistance

lmo0963 Peroxide resistance protein Dpr 2.6 8.0

Gene encoding proteins involved in cell division
lmo2064 Cell division protein FtsZ 2.7 5.7

Genes encoding hypothetical or unknown
proteins

lmo0243 ATP:guanido phosphotransferase family protein 2.3 2.4
lmo0703 Hypothetical protein 4.0 2.7
lmo0899 LysM domain protein 4.2 57.2
lmo0974 Conserved hypothetical protein 3.1 50.4
lmo0975 Conserved hypothetical protein 2.9 34.2
lmo1520 Conserved hypothetical protein 2.5 4.6
lmo1622 Conserved hypothetical protein 2.2 6.9
lmo1996 Conserved hypothetical protein 3.4 22.7
lmo2063 Conserved hypothetical protein 2.6 3.3
lmo2190 Conserved hypothetical protein 2.5 7.7
lmo2459 PspC domain protein 4.0 31.6
lmo2460 Conserved hypothetical protein 4.3 26.7
lmo2541 Conserved hypothetical protein 3.2 31.0

a Only the genes that met the stringent criteria for being upregulated in milk (i.e., change of more than twofold; P � 0.01) are listed here.
b Gene functions are based on annotations provided by TIGR (http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi).
c Change indicates the transcript ratios between L. monocytogenes F2365 grown in milk and BHI medium at 4°C as determined by microarray and real-time PCR.
d Numbers are average values from four independent experiments.
e Numbers are average values from three independent experiments.
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and oxidative stress (31). Furthermore, lmo0963 (peroxide
resistance protein Dpr) was also upregulated. The product
of lmo0963 is an iron-binding protein that is responsible for
oxygen tolerance in lactic acid bacteria (13). To test whether
the induction of these genes in UHT skim milk resulted in
any alteration in response to oxidative stress, disk diffusion
assays measuring the tolerance of strain F2365 to hydrogen
peroxide were performed. As shown in Fig. 1, the diameters
of inhibition zones increased with increased levels of hydro-
gen peroxide, and cells in UHT skim milk were inhibited to
the same extent as cells in BHI broth (Fig. 1). These data
suggest that the elevated levels of genes encoding manga-
nese transporter complexes in strain F2365 cells in UHT
skim milk did not result in changes in the oxidative stress
sensitivity. In addition, lmo0153 (oligopeptide ABC trans-
porter; oligopeptide-binding protein) and lmo0154 (oligo-
peptide ABC transporter; permease protein) were upregu-
lated about fivefold in microarray assays and 163- and
14-fold in real-time PCR assays (Table 3). These data sug-
gest that the transporters may play important roles in the
survival and growth of L. monocytogenes strain F2365 in
UHT skim milk.

lmo0914 (RNA polymerase �B factor) regulates both viru-
lence and stress responses (17) and was also moderately up-
regulated in UHT skim milk (Table 3). The fact that both
lmo0914 and lmo0963 (encoding the peroxide resistance pro-
tein Dpr) were induced is consistent with the findings de-
scribed previously by Polidoro et al. (34), who found that the
transcription of dpr is regulated by �B. The expression of
lmo0234 (cysteine synthase A) and that of lmo1365 (glycine
cleavage system T protein), which are involved in amino acid
biosynthesis and energy metabolism, were also induced 3.7-
fold by microarray and over 10-fold by qRT-PCR assay. Like-

wise, lmo0977 (glucosamine-6-phosphate isomerase), which is
involved in bacterial cell wall synthesis and glycolysis (19), was
also upregulated. Consistent with our genomic data, a pro-
teomic study showed that the glucosamine-6-phosphate
isomerase protein was also upregulated in the growth of Lac-
tococcus lactis in milk (12). lmo2064 encodes FtsZ, which is an
abundant protein essential for cell division in bacteria (22),
and was also induced at the transcriptional level (Table 3).
Most of the genes that were upregulated were related to bac-
terial growth, which is consistent with data from previous phys-
iological studies of the growth of L. monocytogenes in milk (25,
35). Finally, 13 genes encoding hypothetical proteins were also
upregulated in UHT skim milk (Table 3), indicating that these
genes might be related to the growth of L. monocytogenes in
UHT skim milk.

Downregulated genes of L. monocytogenes strain F2365 in
UHT skim milk. Of the 30 downregulated genes identified by
microarray assay, 14 were also downregulated by real-time
PCR assay. There was a 47% correlation between microarray
data and real-time PCR assay data. The lower correlation
between the microarray and real-time PCR for downregulated
genes may be due to the increased variability observed in
low-intensity array spots, i.e., downregulated genes. Alterna-
tively, the lower correlation between the microarray and real-
time PCR assay may also be due to the effects of the greater
variability associated with decreased reaction efficiencies found
in real-time PCR measurements at later cycles, where the
expression of genes with low expression levels becomes de-
tected (26). The 14 downregulated genes in UHT skim milk
held at 4°C included genes that encoded a cold-shock protein,
a membrane protein, ribosomal proteins, a hypothetical pro-
tein, a protein involved in energy metabolism, a transporter,
and a transcriptional regulator (Table 4). The transcription of

FIG. 1. Susceptibility of L. monocytogenes F2365 to hydrogen peroxide in milk (rectangles) and BHI growth medium (diamonds) by disk
diffusion assays. The sensitivity of L. monocytogenes F2365 to hydrogen peroxide was expressed as the diameter (mm) of the inhibition zone. Sterile
6-mm disks were saturated with different amounts of hydrogen peroxide (from 125 �g to 1,000 �g) and applied to BHI agar plates containing L.
monocytogenes F2365 from milk and BHI medium. The diameters of zones of inhibition were measured after overnight growth at 37°C. Data
presented here are means for four replicates 	 standard deviations.
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lmo1264, which encodes a putative transporter, was signifi-
cantly decreased (less than eightfold) in UHT skim milk. The
substrate for this putative transporter remains uncharacterized
in L. monocytogenes. lmo2209 encodes a putative membrane
protein that was downregulated in UHT skim milk (less than
twofold). The function of the putative membrane protein is
unknown. lmo1381, encoding a 68-amino-acid cold shock do-
main family protein (CspA), was downregulated moderately
(less than twofold). CspA is the major cold shock protein in E.
coli that is dramatically induced after cold shock (43). The
induction of the CspA protein was also caused by a nutritional
upshift (44). The switching of the cells of strain F2365 from
BHI broth to UHT skim milk could be considered a nutritional
downshift; therefore, the downregulation of this gene in UHT
skim milk is expected. The CspA protein also functions as a
translational enhancer (27). Since eight genes encoding ribo-
somal proteins were downregulated in UHT skim milk (Table
4), the protein translation rate would be reduced; therefore,
the downregulation of cspA genes is not surprising. The ex-
pression of lmo1265, which encodes a putative transcriptional

regulator, was significantly decreased (less than fourfold), in-
dicating that this gene may relate to the growth of L. mono-
cytogenes in UHT skim milk. The potential function of lmo1265
remains uncharacterized.

DISCUSSION

The major components of milk are proteins, sugars (mainly
lactose), vitamins, and minerals. Milk contains epithelial and
white blood cells (somatic cells), and the somatic cell count is
commonly used to measure milk quality (30). Skim milk pro-
vides an ideal growth medium for some bacteria, such as lactic
acid bacteria (37), since it is a good source of all principal
nutrients including carbon, nitrogen, and microminerals. Milk
proteins are comprised predominantly of casein and whey pro-
teins. In addition, small amounts of peptides are also present in
milk (38). However, milk may not be the most favorable
growth medium for L. monocytogenes, since it is not able to
directly use the proteins and lactose in milk (25) as nitrogen
and carbon sources. The peptides present in skim milk provide

TABLE 4. L. monocytogenes strain F2365 genes downregulated in skim milk at 4°C as identified by microarraya and real-time PCR analysis

Category and gene Functionb
Fold changec

Microarrayd qRT-PCRe

Genes encoding proteins involved in
protein synthesis

lmo1352 Ribosomal protein L3 �5.0 �3.3
lmo1808 Ribosomal protein L20 �2.4 �3.4
lmo1814 Ribosomal protein L19 �3.1 �2.2
lmo1824 Ribosomal protein S16 �2.8 �3.2
lmo1844 Ribosomal protein L28 �6.5 �3.7
lmo2078 Ribosomal protein L32 �5.3 �5.7
lmo2521 Ribosomal protein L31 �3.5 �2.4
lmo2846 Ribosomal protein L34 �3.4 �2.8

Gene encoding proteins involved in
cellular processes

lmo1381 Cold shock domain family protein �2.4 �2.2

Gene encoding proteins involved in
regulatory function

lmo1265 Putative transcriptional regulator �4.0 �4.7

Gene encoding proteins involved in
cell envelope

lmo2209 Putative membrane protein �2.4 �2.5

Gene encoding proteins involved in
transport and binding

lmo1264 Putative transporter �8.3 �16.3

Gene encoding proteins involved in
energy metabolism

lmo1946 Formate acetyltransferase �4.8 �3.5

Gene encoding hypothetical or
unknown proteins

lmo2182 Hypothetical protein �3.5 �2.1

a Only the genes that met the stringent criteria for being downregulated in milk (i.e., change of twofold; P � 0.01) are listed here.
b Gene functions are based on annotations provided by TIGR (http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi).
c Change indicates the transcript ratios between L. monocytogenes F2365 grown in milk and BHI medium at 4°C as determined by microarray and real-time PCR;

negative values indicate transcript levels that are lower in milk than in BHI broth (e.g., a value of �3.2 indicates a 3.2-fold-lower transcript level in milk than in BHI
medium).

d Numbers are average values from four independent experiments.
e Numbers are average values from three independent experiments.
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an essential nitrogen source for the growth of L. monocyto-
genes since the concentration of free amino acids in milk is low
and unbalanced (16).

Our data demonstrated that the levels of expression of both
lmo0153 (oligopeptide ABC transporter; oligopeptide-binding
protein) and lmo0154 (oligopeptide ABC transporter; per-
mease protein) were elevated significantly in microarray and
real-time PCR assays (Table 3). Consistent with our findings,
these two genes were also induced during the growth of Lac-
tobacillus helveticus in milk (39). Given the fact that these two
genes are both required for bacterial growth at low tempera-
tures and favor the intracellular survival of L. monocytogenes in
macrophages (4), these genes are potential targets for gene
knockout mutations for studying the survival of L. monocyto-
genes in milk. Although L. monocytogenes is unable to hydro-
lyze milk proteins since it does not have proteolysis activity
(25), it is able to use oligopeptides (40). Since the growth of L.
monocytogenes in milk is dependent upon the transport of
peptides followed by their intracellular hydrolysis, the oligo-
peptide transporters must be activated to utilize the peptides
present in the milk. The oligonucleotide transport system may
be crucial to supply essential amino acids for growth. The
elevated level of an oligopeptide transport system may result in
the growth of L. monocytogenes in milk, but further research is
needed for confirmation.

In our study, genes involved in manganese transport, includ-
ing lmo1875 (ABC transporter; manganese-binding protein),
lmo1876 (manganese ABC transporter; permease protein),
and lmo1877 (manganese ABC transporter; ATP-binding pro-
tein), showed over a 10-fold induction in the microarray assay
and over a 70-fold induction in real-time PCR assays. This
result is not surprising given that milk contains manganese
(21). Manganese transporters have been shown to be related to
oxidative stress (31). For example, the deletion of the putative
Mn(II) ABC transporter (MntA) in Bacillus anthracis resulted
in increased sensitivity to oxidative stress (11). However, our
data demonstrated that the elevated levels of manganese trans-
porters in milk did not result in changes in the sensitivity of L.
monocytogenes to hydrogen peroxide under the conditions of
our study.

Our study demonstrated that lmo0914 (RNA polymerase �B

factor) was upregulated 2.1- and 3.8-fold by microarray and
real-time PCR assays, respectively. This gene regulates both
virulence and stress responses (17). Other virulence genes
were not appreciably altered in UHT skim milk under our
experimental conditions. The reasons for this are unclear at
this time. Studies with other strains would be useful in this
regard, since F2365 is a member of a specific clonal group and
may also have certain atypical virulence-associated character-
istics. This strain carried a nonsense mutation in inlB, a key
virulence gene, and was reported to be less virulent in human
Caco-2 cells than were other L. monocytogenes serotype 4b
strains (29). In another study, a different strain of L. monocy-
togenes isolated from milk also showed reduced virulence in
mice and chicken embryos compared to reference strains such
as 10403S and EGD (15).

Compared to other L. monocytogenes strains, there might be
some strain-to-strain variation in the gene response following
exposure to UHT skim milk. In addition, one incubation time
(24 h) and one temperature (4°C) were evaluated in our study.

In future experiments, multiple incubation times and temper-
atures will need to be included.

With the rapid progress of microbial genome sequencing,
more and more bacteria are available for genomic and pro-
teomic studies at the whole-genome level (1). There are some
genomic and proteomic studies of the growth of lactic bacteria
in milk (12, 39). Lactobacillus sakei genes that are induced in
meat fermentation have also been identified (14). Our study
also identified a number of genes, including some with un-
known function, that were altered in L. monocytogenes strain
F2365 held for 24 h at 4°C in UHT skim milk. It should be
noted that our findings would be useful only to understand how
L. monocytogenes behaves in UHT skim milk but may or may
not be extrapolated to raw milk (or even to milk subjected to
standard pasteurization). The chemical profiles of UHT skim
milk and pasteurized milk may have some important differ-
ences that may affect the metabolism of the bacteria; in raw
milk, the differences would be pronounced due to the presence
of both active enzymes and bioactive peptides as well as the
other microflora.

Genomic studies will lead to a more detailed and fundamen-
tal understanding of the mechanisms of bacterial survival and
growth in food. An understanding of how bacteria survive in
different food systems may help food processors develop ef-
fective preservation strategies to better manage pathogens in
food. For example, since L. monocytogenes was able to grow at
low temperatures, cold storage and other processing tech-
niques such as high hydrostatic pressure could be utilized in
combination to control this pathogen. Since food systems
are complex, with different nutritional components, bacte-
rial pathogens in foods may grow differently. This study can be
extended to evaluate the gene expression profiling of different
bacterial pathogens in different food matrices. To our knowl-
edge, this paper represents the first report of the genomic
study of a food-borne pathogen in a food matrix. This study not
only provides new insights into the survival and growth of L.
monocytogenes in UHT skim milk but also helps identify target
genes for future functional genomic experiments. Most impor-
tantly, information from this study may help food processors
develop more effective preservation strategies to control cells
of L. monocytogenes present in milk due to process failures
and/or postprocess contamination.
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